This study revises and improves the chronostratigraphic framework for late Turonian through early Campanian time based on work in the Western Interior U.S. and introduces new methods to better quantify uncertainties associated with the development of such time scales. Building on the unique attributes of the Western Interior Basin, which contains abundant volcanic ash beds and rhythmic strata interpreted to record orbital cycles, we integrate new radioisotopic data of improved accuracy with a recently published astrochronologic framework for the Niobrara Formation. New 
INTRODUCTION
Cretaceous strata have long been a target of intense interest because they preserve paleoenvi ronmental, paleobiological, and geochemical records of sustained global warming, high sea level, rapid faunal turnover, mass extinctions, and perturbations of the carbon cycle known as oceanic anoxic events (e.g., Skelton, 2003) . Floating astronomical time scales (ATS) for portions of the Cretaceous have begun to provide the resolution necessary to resolve these rapid environmental fl uctuations and biological changes (e.g., Meyers et al., 2001; Grippo et al., 2004; Sageman et al., 2006; Locklair and Sageman, 2008; Huang et al., 2010; Hinnov and Hilgen , 2012) , but to establish a global highreso lution time scale, fl oating astrochronologic age models must be integrated with established biostratigraphic/chemostratigraphic frameworks and anchored with accurate and precise radioisotopic ages (e.g., Meyers et al., 2012) . The integration of new radioisotopic age determinations with high-resolution astrochronologies offers the most powerful tool to refi ne geologic time and interpolate ages for signifi cant deep-time geologic events, such as stage and biozone boundaries.
Since the pioneering work of Obradovich (1993) , the Cretaceous part of the geologic time scale has been chiefl y based on his 40 Ar/ 39 Ar dating of altered volcanic ash beds (bentonites) from the Western Interior Basin of the U.S. These bentonites are well documented within the Cretaceous ammonite biostratigraphy of Cobban (1993) , and although several of the ages have been used in the past to help constrain an orbital signature in the rock record (e.g., Sageman et al., 1997; Meyers et al., 2001; Locklair and Sageman, 2008) , the analytical uncertainty associated with the original 40 Ar/ 39 Ar ages does not meet the desired threshold for calibration of astrochronologic age models for the Cretaceous (Hinnov and Ogg, 2007; Meyers et al., 2012) . Recent advances in the 40 Ar/ 39 Ar and U-Pb methods, including improved standardization and inter-laboratory calibration (e.g., Mattinson, 2005; Condon et al., 2007; Kuiper et al., 2008; Renne et al., 2010; , now enable better than 3 per mil (‰) total uncertainty on radioisotopic ages throughout the Cretaceous, facilitating the integration of data derived from multiple independent chronometers (e.g., Smith et al., 2010; Meyers et al., 2012; ; Renne et al., 2013) .
The purpose of the present study is threefold. First, we refi ne and improve the chronostratigraphic framework for late Turonian through early Campanian strata of the Western Interior Basin (represented mainly by the Niobrara Formation and its equivalents) by integrating new radioisotopic age data, predominantly from Montana, with an existing astrochronologic age model developed from Denver Basin cores (Locklair and Sageman, 2008) . The integration is fundamentally facilitated by updated biostratigraphy (e.g., Cobban et al., 2006; Walaszczyk and Cobban, 2006) . The geochronology, which employs 40 Ar/ 39 Ar and U-Pb techniques on sanidine and zircon collected from ash beds spanning the late Turonian Prionocyclus macombi through early Campanian Scaphites hippocrepis II biozones (Fig. 1) , signifi cantly improves accuracy and precision of 40 Ar/ 39 Ar ages and importantly adds U-Pb ages (for four of the Niobrara ashes) where none existed previously. The work includes re-analysis of Obradovich (1993) legacy samples as well as analysis of newly collected material from the same ash horizons, and is thus directly linked to the previous 40 Ar/ 39 Ar time scale for the study interval. In addition to eight ages representing six biozones within the Niobrara Formation (three of the dated ashes, corresponding to sites 5-7 in Fig. 1 , occur within the Scaphites depressus biozone), we provide new 40 Ar/ 39 Ar ages for two Late Turonian biozones (sites 9-11, in Fig. 1 , also indicated in Fig. 2 ) that underlie the Niobrara (Scaphites nigricollensis and Prionocyclus macombi), and help to constrain the total duration of Niobrara deposition.
Second, the acquisition of paired 40 Ar/ 39 Ar and U-Pb ages is signifi cant because it allows an evaluation of various 40 K decay constants and associated ages proposed for the widely used Fish Canyon sanidine (FCs) neutron fl uence monitor for the 40 Ar/ 39 Ar system, specifically the estimates of 28.02 Ma (Renne et al., 1998) , 28.201 Ma (Kuiper et al., 2008) , and 28.294 Ma (Renne et al., 2011) . Four new paired 40 Ar/ 39 Ar and U-Pb ages from the present study are combined with three from the Cenomanian-Turonian boundary interval (presented in Meyers et al., 2012) to provide a data set to evaluate the proposed FCs ages. The application of a unifi ed and consistent analytical approach-with careful consideration of potential sources of uncertainty (e.g., inheritance of older crystals, loss of radiogenic daughter products)-makes this data set pertinent to ongoing efforts to improve the accuracy of 40 Ar/ 39 Ar geochronology.
Ash beds from the study interval were mainly sampled in Montana because they occur there within fossiliferous sections that have detailed biostratigraphy, and they tend to be more abundant, thicker, and crystal rich in this part of the basin (e.g., Obradovich, 1993) . Linking the new age data to an astrochronologic framework is important because the latter provides a means to more accurately quantify time between dated horizons. In order to integrate dated ash beds sampled in Montana with the Niobrara fl oating astrochronology developed in Colorado, we employ biostratigraphic and lithostratigraphic correlation techniques. The biozone data play a critical role in this process and have allowed on September 7, 2014 gsabulletin.gsapubs.org Downloaded from Geological Society of America Bulletin, July/August 2014 identifi cation of key stratigraphic hiatuses that were not apparent in the long eccentricity-based time scale of Locklair and Sageman (2008) . This leads to the third purpose of our research. In addition to the analytical uncertainties associated with radioisotopic age determinations, we introduce a new approach for assessing age uncertainty resulting from the correlation process . The integration of 40 Ar/ 39 Ar, U-Pb, and astrochronologic age models in our revision of the Turonian-Coniacian, Coniacian-Santonian, and Santonian-Campanian stage boundaries accounts for uncertainty associated with 40 Ar/ 39 Ar geochronology, U-Pb geochronology, astrochronology, and the geologic components of uncertainty due to correlation, interpolation of stage boundary ages, and the presence of stratigraphic hiatuses.
STRATIGRAPHIC FRAMEWORK

The Niobrara Formation
Strata of the Niobrara Formation were originally documented by Meek and Hayden (1861) for exposures near the confl uence of the Niobrara and Missouri Rivers in Nebraska and described as consisting of calcareous marl with chalk and limestone. The interval was later divided by Logan (1897) into lower Fort Hays Limestone and upper Smoky Hill Shale in western Kansas. A complicated history of stratigraphic terminology ensued until formal lithostratigraphic nomenclature was proposed by Scott and Cobban (1964) . This history, integrating Niobrara research across Kansas and Colorado, is reviewed by Scott and Cobban (1964) and Hattin (1982) and has been illustrated in chart form by those authors (table 1 of  each report) .
According to Scott and Cobban (1964) , the Niobrara Formation in Pueblo, Colorado, includes the two formal members defi ned in Kansas: the 12.1 m (40 ft)-thick basal Fort Hays Limestone Member and the overlying 213 m (700 ft)-thick Smoky Hill Chalk Member (Fig.  2) . The Smoky Hill Chalk Member was further subdivided by Scott and Cobban (1964) into seven decameter-scale informal units including, from top to bottom: upper chalk, upper chalky shale, middle chalk, middle shale, lower limestone, lower shale, and lower shale and limestone (Fig. 2) . The Scott and Cobban (1964) terminology for lithologic units of the Smoky Hill Member was modifi ed by Dean and Arthur (1998) based on whole-rock major element carbonate content of samples from the Berthoud State #4 (and part of #3) cores. Dean and Arthur (1998) substituted the terms "marl" for "shale" or "chalky shale" and "chalk" for "limestone" (except in the lowermost unit, which they called lower chalk and shale) using a cutoff of 75 wt% CaCO 3 to separate chalk from marl units. Longman et al. (1998) also subdivided the Smoky Hill Member into marl and chalk units, with the boundary between marl and chalky marl/ chalk lithologic components placed at 65 wt% CaCO 3 . They also demonstrated the wide range of lithologic and thickness variability in the Niobrara Formation across an eight-state region. In Kansas and Nebraska, the entire thickness of the Niobrara may be classifi ed as limestone or chalk, while in eastern Colorado, New Mexico, and Wyoming, the Smoky Hill consists of alternating chalk and marl. Further west in Colorado, Utah, and New Mexico, the entire Niobrara carbonate interval can be stratigraphically assigned to an informal calcareous shale member of the Mancos Shale. In this paper, the original Smoky Hill unit names of Scott and Cobban (1964) are used.
Biostratigraphy has played a critical role in the development of a chronostratigraphic framework for the Niobrara Formation and its time-equivalent strata in the Western Interior Basin. The ammonite biozonation scheme for the Niobrara interval, spanning the Scaphites preventricosus through S. hippocrepis III biozones, was developed based on fossil occurrence data keyed to bed numbers in the original Scott and Cobban (1964) measured section for Pueblo, augmented by data from many other Western Interior localities (summarized in Cobban, 1993; Cobban et al., 2006) , and this scheme remains the standard for ConiacianSantonian biostratigraphy in the Western Interior . In addition, inoceramid bivalves are common and widespread in Coniacian-Santonian strata and their biozones have as much biostratigraphic utility as ammonites for this time period. As such, the recent work by Walaszczyk and Cobban (1999 , 2007 provides an important complement to the ammonite biozonation, including inoceramid zones that are correlated to time-equivalent sections in Europe. Collectively, ~12 ammonite and 13 inoceramid biozones span the Niobrara study interval discussed in on September 7, 2014 gsabulletin.gsapubs.org Downloaded from this paper and these zones have been previously calibrated to the geologic time scale, mostly based on Obradovich (1993) and Cobban et al. (2006) (e.g., Ogg et al., 2004; Ogg and Hinnov, 2012) . Selected index taxa shown in Figure 2 constrain the assignment of biozone boundaries. In the Pueblo section, fossil data for the upper Carlile Formation come from Fisher et al. (1985) and the Nio brara sources are Scott and Cobban (1964) and Walaszczyk and Cobban (1999 . Detailed explanations for all biostratigraphic assignments and stratigraphic correlations are provided in an Appendix DR2 in the GSA Data Repository 1 . The Niobrara Formation also preserves centimeter-to decimeter-scale rhythmic lithologic alternations between carbonate-rich layers and more clay-and organic matter-rich layers that have been interpreted to refl ect orbital infl uence on sedimentation (Gilbert, 1895; Fischer et al., 1985; Savrda and Bottjer, 1989; Arthur and Dean, 1991; Fischer, 1993; Pratt et al., 1993; Ricken, 1994; Dean and Arthur, 1998; Locklair and Sageman, 2008) . These so-called Milankovitch cycles offer an additional chronostratigraphic tool for the quantifi cation of Niobrara time. An estimate of total Niobrara duration based on the cyclostratigraphy of Locklair and Sageman (2008) yields values ranging from 6.1-7.2 m.y. This estimate seemed plausible based on the 40 Ar/ 39 Ar geochronology of Obradovich (1993) , which allows values ranging from 6.5 to 8.6 m.y. for total duration when analytical uncertainties and interpolation from ash horizons to formation boundaries are considered. In this study, the signifi cance of new radioisotopic data and additional geologic observations are evaluated.
The Niobrara Formation is 225.6 m (740 ft) thick in Scott and Cobban's (1964) Locklair and Sageman (2008) . Despite thickness changes, the characteristic lithologic units of the Niobrara Formation, described above, can be recognized and traced over large areas (e.g., Longman et al., 1998) , including between Pueblo and the Denver Basin where bentonites and limestone/chalk beds are the basis for the lithostratigraphic correlation (Locklair, 2007) .
Correlation of Marias River Shale, Telegraph Creek Formation, and Virgelle/ Eagle Sandstone to the Niobrara Formation Based on biostratigraphy (Cobban, 1964; Cobban et al., 1976 Cobban et al., , 2005 Landman and Cobban, 2007) , strata of the Marias River Shale, Telegraph Creek Formation, and Virgelle/Eagle Sandstones in Montana are time equivalent to the Turonian through lowermost Campanian interval shown in Figure 2 . These strata contain a succession of ash beds preserving datable minerals and were the focus of Obradovich's (1993) 40 Ar/ 39 Ar age determinations for the latest Turonian through early Campanian. The sections shown in Figure 2 represent a Montana composite because some ash beds had to be sampled in other Montana localities and projected into the composite using biostratigraphy (Appendix DR2). This composite includes three sections from the Kevin-Sunburst Dome area (Cobban et al., 1976) .
The lowermost sampled ash bed is associated with fossils of S. nigricollensis, representing a late Turonian biozone that correlates to an unconformity at the base of the Niobrara Formation at Pueblo. It was sampled in the Ferdig Member of the Marias River Shale. The Ferdig Member consists of gray noncalcareous shales with thin sandy laminae and carbonate concretions and contains several ash horizons. The sample locality was near the Ferdig type section of Cobban et al. (1976) and is represented by a partial section labeled C in Figure 2 (Appendix DR2). This ash provides a lower age constraint for the study interval. The Turonian-Coniacian boundary occurs a few meters above this level in Pueblo and is defi ned by the FAD (First Appearance Datum) of Cremnoceramus erectus, which also constrains the lower boundary of the S. preventricosus biozone .
The main part of the succession, segment B of the Montana stratigraphic column in Figure  2 (loc. 7, Fig. 1 ), includes the Kevin Member of the Marias River Shale and is the Kevin type section of Cobban et al. (1976) . The Kevin Member consists of gray marine shales interbedded with thin sandy layers, calcareous concretions, and numerous bentonitic marker beds and is subdivided into lower, middle, and upper units on the basis of the ash bed abundance and concretion types, originally described by Erdmann et al. (1947) . Fossil range data documented by Cobban et al. (1976 Cobban et al. ( , 2005 , Landman and Cobban (2007) , and Grifi et al. (2013) (Fig. 2) . The Coniacian-Santonian boundary occurs within this interval, constrained in the Pueblo section by the FAD of Cladoceramus undulatoplicatus, which is overlain by the FAD of C. saxitonianus marking the top of the S. depressus biozone (Fig. 2) . The close succession of S. depressus and C. saxitonianus in the Kevin section fi x the position of the Coniacian-Santonian boundary in Montana (Fig. 2) . The upper unit of the Kevin Member contains the C. vermiformis, Clioscaphites choteauensis, and Desmoscaphites erdmanni biozones and is time correlative with the top of the middle shale (MS) through part of the upper chalky shale (UCS) of the Smoky Hill Chalk in Pueblo (Fig. 2) .
The Telegraph Creek Formation overlies the Kevin Member and consists of sandy shale, siltstone, and thin shaley sandstone beds (Landman and Cobban, 2007) . In the Marias River section of Landman and Cobban (2007) , represented by section A in Figure 2 , the Telegraph Creek is overlain by part of the Virgelle Sandstone. This sand unit is part of a time-transgressive clastic wedge that grades to younger facies of the Eagle Sandstone toward the southeast (Cobban, 1964) . According to Cobban (1964) , Cobban (1969) , and Landman and Cobban (2007) , the Telegraph Creek in the Marias River section contains Desmoscaphites bassleri and Ar sanidine geochronology; and (5) References specifi c to the supplement, is available at http:// www .geosociety .org /pubs /ft2014 .htm or by request to editing@ geosociety .org.
Ar, U-Pb, and astronomical clocks in the Niobrara Formation
Geological Society of America Bulletin, July/August 2014 961 Scott and Cobban, 1964) which is used to defi ne the upper boundary of the D. bassleri zone in Pueblo (Fig. 2 ).
PREVIOUS GEOCHRONOLOGIC STUDIES Radioisotopic Geochronology
Using the 40 Ar/
39
Ar technique and a U.S. Geological Survey (USGS) internal standard sanidine from the Taylor Creek Rhyolite, and assuming its age to be 28.32 Ma-essentially equivalent to a FCs standard age of 28.02 MaObradovich (1993) analyzed sanidine crystals from 29 Western Interior Basin ash beds. Six of these bentonites fall within the ~10 m.y. interval that is the focus of the present study (P. macombi through S. hippocrepis II ammonite zones) and the ages produced from these ashes have analytical uncertainties ranging between ±0.28 and ±0.72 m.y. (95% confi dence level, analytical uncertainties only; Table 1 ). Agterberg (1994) fi t a cubic spline to these Ar and U-Pb methods that have been adopted by Gradstein et al. (2012) in the 2012 International Geologic Time Scale (GTS2012). Key innovations of GTS2012 (Kuiper et al., 2008; Min et al., 2000) ; and (2) the use of U-Pb isotope data mainly from zircons that have been measured using the chemical abrasion-isotope dilution-thermal ionization mass spectrometry(CA-ID-TIMS) method (Mattinson, 2005) , EARTHTIME (http:// www .earth -time .org/) tracer solutions that have been cross-calibrated in several U-Pb laboratories, and the uranium decay constant ratio of Mattinson (2010) . Adoption of the Kuiper et al. (2008) standardization of the 40 Ar/ 39 Ar method allows age determinations with total uncertainties (analytical + standard + decay constant) of as good as ±0.3%, whereas modern CA-ID-TIMS U-Pb ages can have total uncertainties <0.2% due to fully traceable calibration of the U-Pb system. Thus, the total uncertainty on the ages of salient Late Cretaceous ash beds reported here and in Meyers et al. (2012) is better than one-half of a 405 k.y. eccentricity cycle, thereby providing 40 Ar/ 39 Ar and U-Pb tie points that are suffi ciently precise to calibrate fl oating astrochronologic age models.
The framework of our 40 Ar/
Ar and U-Pb isotopic data sets was reported in the unpublished Master of Science thesis of Siewert (2011) and these ages were used in GTS2012 by Ogg and Hinnov (2012) to constrain the ages of the Turonian-Coniacian, Coniacian-Santonian, and Santonian-Campanian stage boundaries at 89.8 ± 0.4, 86.3 ± 0.5, and 83.6 ± 0.3 Ma, respectively. In addition to the radioisotopic data of Siewert (2011), this paper reports the 40 Ar/ 39 Ar age of a key ash bed from the Kevin Member of the Marias River Shale in the S. depressus ammonite zone, as well as new biostratigraphic information that bears on an accurate correlation of the ash beds between outcrops and drilled cores from which the astrochronology derives. The stage boundary ages reported here refl ect these improvements.
Basis of the Astronomical Time Scale
Gilbert (1895) fi rst proposed that the chalkmarl sequences of the Niobrara Formation refl ect a climatic response due to orbital forcing from which a duration of geologic time might be estimated. This concept was later summarized and further explored by Fischer (1980) , Fischer et al. (1985) , and Fischer and Bottjer (1991) . Locklair and Sageman (2008) developed a quantitative ATS for the Niobrara Formation based on two sections preserved within the Libsack 43-27 and Aristocrat Angus 12-8 boreholes, drilled in the Wattenberg fi eld on the west side of the Denver Basin (Fig. 1) . Using advanced spectral analytical techniques, such as multi-taper method spectral analysis (Thomson, 1982) , bandpass-fi lter analyses (Gaussian ), and evolutive harmonic analysis (Meyers et al., 2001 ) on micro-resistivity images that can resolve bedding features at the centimeter scale, Locklair and Sageman (2008) identifi ed several astronomical signals related to eccentricity, obliquity, and precession. This study builds on the results of Locklair and Sageman (2008) to revise stage boundary ages through interpolation of radioisotopic ages with the ATS based on 405 k.y. eccentricity cycles that are expressed in the periodic meter-scale variation of the Niobrara lithologic record (Locklair and Sageman, 2008) .
METHODOLOGY Sample Descriptions
Western Interior Basin ash beds are commonly subtly graded, thus most were sampled from the base to maximize phenocryst content and grain size. The majority of dated units are preserved within vertically extensive shale beds, which limits contamination by detrital grains. Ash beds were primarily sampled in Montana (biozones 1-4, 6-9, Fig. 1 ), while the Clado ceramus undulatoplicatus (an inoceramid corresponding to the upper part of the S. depressus zone) ash was sampled in Texas, and P. macombi ashes were sampled in Utah and New Mexico (Figs. 1-2, Table 1 ; see also Table DR1 .1 and Figure  DR1 .2 for complete bentonite descriptions and locations). If a bentonite was sampled above or below the orbitally tuned strata, or if we could not be certain of the location of the bentonite within a formation or biozone (e.g., the C. undulatoplicatus ash from the Austin Chalk, Texas), it is not correlated into the Libsack core and used to evaluate stage boundary ages. Ar ages from ash beds in Montana within the S. depressus zone.
U-Pb Geochronology
Zircons were separated from multi-kilogram bentonite samples following methods outlined in Meyers et al. (2012) and imaged using backscatter electron and cathodoluminescence (CL) mode on a Hitachi S3400-N scanning electron microprobe (SEM) at the University of Wisconsin-Madison. Single zircons or fragments of zircons were selected based on external morphology and internal growth zonation revealed by cathodoluminescence imaging (Fig. DR2.2 ). Prior to complete dissolution, zircons were chemically annealed and partially dissolved to preferentially remove radiation-damaged areas within the crystal lattice (Mattinson, 2005) . Solutions were spiked with the ET535 tracer on September 7, 2014 gsabulletin.gsapubs.org Downloaded from 
±0.23
Note: Summary of 593 individual analyses (579 laser fusion, and 2 incremental heating experiments). Samples were correlated with biozones using Cobban et al. (2006) . Weighted mean ages for Ar-Ar and U-Pb systems were determined using Isoplot 3.71 (Ludwig, 2003 on September 7, 2014 gsabulletin.gsapubs.org Downloaded from
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Geological Society of America Bulletin, July/August 2014 963 solution (Condon et al., 2007) and analyzed at the Natural Environment Research Council Isotope Geosciences Laboratory (NIGL) on a Thermo-Electron Triton TIMS instrument. These CA-ID-TIMS procedures follow those of Meyers et al. (2012) . More information on these procedures is in Appendix DR3.1 and the complete U-Pb isotope data are in Table DR3 .3.
Ar/ 39 Ar Geochronology
Approximately 9 kg of bulk material from each of the ash beds was processed for sanidine using techniques outlined in Meyers et al. (2012) . The purity of the sanidine separates and those from Obradovich (1993) legacy samples were assessed using an SEM equipped with an energy-dispersive X-ray spectrometer detector such that single sanidine crystals were isolated from quartz and plagioclase phenocrysts. FCs crystals were used as the primary neutron fl uence monitor. At the University of Wisconsin-Madison Rare Gas Geochronology Laboratory, sanidine samples and standards were fused using a 25 W CO 2 laser following the methods of Smith et al. (2008) and Meyers et al. (2012) . Analysis of peak signal data collected on a MAP 215-50 mass spectrometer using a single electron multiplier was done using ArArCalc 2.5 (http:// earthref .org /ArArCALC/), but differs slightly from the approach taken in our prior work. The procedure for peak signal regression and fi ltering of outliers reduces the analytical uncertainty associated with each age determination by ~15%-20% compared to our previous studies (Smith et al., 2010; Meyers et al., 2012) and is fully explained in Appendix DR4. 
Uncertainty Associated with Integration of Radioisotopic and Astrochronologic Data
To anchor the ATS and interpolate stage boundary ages using the stable long eccentricity cycle the ages of radioisotopically dated bentonites collected in Montana must be projected into the stratigraphy of the orbitally tuned cores from the Denver Basin. This is accomplished using biostratigraphic and lithostratigraphic correlation. Specifi cally, FAD data for ammonite and inoceramid index taxa are used to determine the upper and lower boundaries of ammonite biozones in the Montana and Pueblo sections (see Appendix DR2). The Pueblo section, in turn, is correlated to the Libsack core record using lithostratigraphy (Fig. 2 ) because the latter lacks fossil data. Lithostratigraphic markers such as limestone/chalk beds and bentonites are tracked in relation to Niobrara lithostratigraphic units (which are clearly traceable along the Front Range in Colorado; Locklair, 2007) , and these correlations are used to project biozone boundaries and ash horizons from Pueblo to the Libsack core. There are several potential sources of uncertainty in this correlation process , discussed below.
Ashes sampled in the Marias River Shale, Telegraph Creek Formation, or Eagle Sandstone in Montana are associated with zonal index taxa that allow each to be constrained to a specifi c ammonite biozone (see Appendix DR2). Each of these biozones is represented in the Pueblo section and can be projected into the Libsack core (Fig. 2) . The major source of uncertainty in this correlation occurs when the relative position of a sampled ash within the biozone in Montana is not known (e.g., some of the best ash beds for dating can be associated with corresponding index taxa, but outcrop exposures do not allow upper and lower boundaries of the biozone to be determined). To accommodate the "correlation uncertainty" that this creates (as opposed to analytical or other types of uncertainty), such ash horizons are positioned in the center of the biozone and an uncertainty of ±0.5 of the biozone duration is added directly to the radioisotopic age of the ash (refl ecting the fact that the ash horizon could fall anywhere within the biozone boundaries). In cases where the ash bed is stratigraphically well constrained within a biozone, or coincides with a biozone boundary, a smaller uncertainty can be applied. Each uncertainty estimate is determined based on the specifi c lithostratigraphic constraint of a given ash bed correlation (see below) and, because they are not normally distributed as are radioisotopic dating uncertainties that can be summed in quadrature, these are simply added to the sum of other uncertainties for each dated ash bed.
Additional sources of uncertainty derive from (1) the placement of biozone boundaries in the Pueblo section due to scarcity of key fossil taxa in some intervals; (2) the projection of biozones to the Libsack core, and thus to the long eccentricity bandpass used to determine biozone durations; (3) the correlation of bentonite beds, some of which are observed to vanish and reappear in correlated stratigraphic sections spanning signifi cant distance (which means that, in the absence of additional chemical, mineralogical, or radioisotope data supporting a defi nitive correlation, e.g., Kowallis et al. [1989] , most correlations are hypotheses); and (4) the presence of hiatuses in the section. The degree to which these uncertainties impact a given ash correlation and the associated determination of stage boundary ages is variable, however, and therefore sources of uncertainty are summarized for each ash individually (see below, Fig. 2 , and Table 2 ).
RESULTS
U-Pb Results
The U and Pb isotope composition of 7-13 single crystal or zircon fragments were analyzed from four ash beds that span the Niobrara Formation (Table 1; Fig. 3 ). In addition to examination of external crystal morphology, CL imaging was used in order to further guide our selection of zircon crystals/fragments for CA-ID-TIMS analyses. In general we avoided zircons with obvious internal zonation or discontinuities suggesting punctuated crystallization. For four crystals we were able to identify and subsample rim and core domains (Fig. DR3.2 and Table DR3 .3) and inform subsequent sampling strategies. These core-rim pairs indicate a resolvable difference of ~300 k.y. for three of the four crystals. Advances in high-precision ID-TIMS U-Pb geochronology (reduced procedural blanks, increased ionization effi ciency, improved ion counting systems, and perhaps on September 7, 2014 gsabulletin.gsapubs.org Downloaded from most importantly , the effective elimination of Pb loss using the "chemical abrasion" method of Mattinson, 2005) , have improved analytical uncertainties to <0.1% for an individual zircon crystal or fragment, thereby allowing the differentiation of juvenile magmatic zircons from those which may refl ect xenocrystic or antecrystic components. U-Pb data from zircons in each ash bed reveal a signifi cant spread in crystallization dates. Recent U-Pb zircon studies of both granitoid plutons (e.g., Miller et al., 2007; Schaltegger et al., 2009 ) as well as distal ash beds (e.g., Schoene et al., 2010; Meyers et al., 2012; Wotzlaw et al., 2013) have revealed similar ranges of zircon dates that refl ect protracted zircon crystallization histories. Thus, some degree of interpretation is required to determine an eruption age from a suite of zircon dates that may span several hundred thousand years (Wotzlaw et al., 2013; Schoene et al., 2013) .
For each sample we identify the population of youngest concordant zircons and calculate a 206 Pb/ 238 U weighted mean age as an approximation for the eruption age of the ash layer (Table 1 ; Fig. 3 ; see also Figure DR3 .7). In each case the mean age is based on four to seven individual 206 Pb/ 238 U dates that include the youngest in each sample. The coherence of the youngest population is assessed via the MSWD value, each of which is within the acceptable range for the given number of analyses (Wendt and Carl, 1991 Figure DR3 .6. These alternative interpretations, for example using only the youngest zircon 206 Pb/ 238 U date as the best approximation of the youngest zircon in the ash bed, and inferentially the eruption age (e.g., Schoene et al., 2010; Wotzlaw et al., 2013) Fig. 4 ; complete data in Table DR4 .2; Fig.  DR4.3) ; the ages span late Turonian through early Campanian time. Following the logic of Schoene et al. (2013) , we use the term "date" to denote the number calculated on the basis of the isotopic composition of a single measurement of argon from a crystal or group of crystals. Ages are then determined from the set of these dates, following the exclusion of analyses as follows: Outliers were removed from the age calculations owing to (1) "low" radiogenic 40 Ar* (i.e., most cases <97% or 98% with the exception of samples MT-08-01, 90-O-10), (2) a K/Ca ratio signifi cantly below the average of the population, and (3) apparent ages that were distinguishably older than the expected weighted mean age and 2σ uncertainty envelope. Given the analytical uncertainty associated with an individual apparent age, it may be challenging to resolve subtle inheritance or 40 Ar loss. However, automated systems can determine a large number of apparent dates per sample, as many as 75 in the case of MT-08-01, thereby enabling complex age distributions to be distinguished provided the variation exceeds the precision of the individual analyses, typically on the order of ~1%. Analyses excluded from the weighted mean age calculations may be clustered toward the low end of the apparent age distribution for a particular sample, for example in sample MT-09-09, or they may span the range of apparent dates, for example in samples 91-O-09 and MT-08-03 (Fig. 4) . The weighted mean ages calculated for samples collected within each of the nine ammonite biozones fall in stratigraphic order between ca. 92 and 81 Ma (Fig. 4) . Fusion of single crystals was possible for ash beds that contained grains >150 μm in the S. hippocrepis II and S. preventricosus biozones (Table 1) . Single sanidine crystals from twelve ash beds, processed from either Obradovich (1993) legacy samples or newly collected material, were too small (<150 μm) to yield signals 10 times larger than the blanks, thus fusion of 2-10 crystals per analysis was necessary ( Ar ages from both a newly collected sample and an Obradovich (1993) legacy sample, and in each case the results are indistinguishable at the 2σ confi dence level (Table 1 ). The dates determined from subsamples irradiated at different times are reported as separate lines in Table 1 . Table 1 gives the original age and uncertainty from Obradovich (1993) , plus the new weighted mean ages and the uncertainties associated with the analysis only and the total uncertainty, both at ±2σ. To facilitate comparison, these ages are reported relative to the following calibrations of the FCs standard: (1) 28.02 Ma (Renne et al., 1998) ; (2) 28.201 Ma (Kuiper et al., 2008) ; and (3) 28.294 Ma (Renne et al., 2010 (Renne et al., , 2011 .
Reconciling the U-Pb and 40 Ar/ 39 Ar Data Sets
The use of accurate radioisotopic data sets to determine how time is distributed in the strata of interest becomes ever more challenging as the level of temporal resolution increases. As noted above, our U-Pb zircon results highlight issues associated with pre-eruptive crystallization, whereas for 40 Ar/ 39 Ar results the lower precision of single crystal/aliquot measurements-coupled with the common assumption of a single population of normally distributed dates and uncertainties that justifi es calculation of a weighted mean age for high-n data setsmay mask inheritance of older crystals and/or open-system behavior. Moreover, accuracy and precision of the FCs@28.02 (Renne et al., 1998) FCs@28.201 (Kuiper et al., 2008) FCs@28.294 (Renne et al., 2010 (Renne et al., , 2011 zircon Pb-loss and/or pre-eruptive sanidine The three proposed sets of 40 K total decay constant values and associated FCs neutron fl uence standard ages include: (1) 5.543 ± 0.020 × 10 -10 a -1 (Steiger and Jäger, 1977) for the FCs age of 28.02 ± 0.56 Ma (Renne et al., 1998) , (2) 5.463 ± 0.214 × 10 -10 a -1 (Min et al., 2000) for ages relative to the FCs age of 28.201 ± 0.046 Ma (Kuiper et al., 2008) , and (3) 5.5305 ± 0.0150 × 10 -10 a -1 for ages that are relative to a FCs age of 28.294 ± 0.072 Ma (Renne et al., 2010 (Renne et al., , 2011 . The traditional 28.02 ± 0.56 Ma age of FCs is based on intercalibration against several standard minerals, including the primary (isotope dilution K-Ar) standard GA-1550 biotite (Renne et al., 1998) . We report the ages here relative to the 28.02 Ma FCs age to illustrate that this calibration is no longer tenable for advancing the geological time scale . Kuiper et al. (2008) used 40 Ar/
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Ar-dated ash beds linked into an ATS that is tuned to match the Laskar et al. (2004) insolation solution, but that also requires correlating biostratigraphic events between distant stratigraphic sections in Spain and Morocco to arrive at an age for FCs of 28.201 ± 0.046 Ma. The Kuiper et al. (2008) experiment and results are supported by a more recent study using sanidines from ash beds of the astronomically tuned Faneromeni section in Crete (Rivera et al., 2011) and the revised calibration has been adopted for GTS2012 . Moreover, the youngest zircon 206 Pb/ 238 U date obtained from the Fish Canyon Tuff by Wotzlaw et al. (2013) , using singlecrystal CA-ID-TIMS methods and the EARTH-TIME tracer solution, is 28.196 ± 0.038 Maidentical to the astronomically calibrated age of FCs of Kuiper et al. (2008) .
More recently, Renne et al. (2010 Renne et al. ( , 2011 ) took a different approach-independent of astronomical dating-that optimized 16 pairs of Ar age of 40.4 ka for the Laschamp geomagnetic excursion that uses this standard age (Guillou et al., 2004) and the age of 40.7 ka (Singer et al., 2009 ) determined independently using the Kuiper et al. (2008) standard age, but also information from a U-Th isochron and the isotope stratigraphy of ice cores and marine sedi ments. The 300 yr difference between these two age determinations for the Laschamp excursion leads us to estimate the total uncertainty associated with the 28.02 Ma age for FCs at ~0.7%, not the much larger value highlighted by Kuiper et al. (2008) . We fi nd that if the 40 Ar/ 39 Ar ages are calculated relative to a 28.02 ± 0.20 Ma age for FCs (0.7% total uncertainty) they are younger than the 206 Pb/ 238 U zircon ages by ~600-800 k.y. If correct, this calibration implies that even the youngest zircons experienced very long magma residence times and/or that zircon inheritance is ubiquitous. Such long residence times are atypical for large silicic magmatic systems (e.g., Crowley et al., 2007; Simon et al., 2008; Wotzlaw et al., 2013) and more likely suggest a bias in the 40 Ar/ 39 Ar system as discussed by Kuiper et al. (2008) and Renne et al. (2010) Ar ages in Figure 5 represent the time since eruption, all seven pairs support the 28.201 ± 0.046 Ma FCs age obtained by Kuiper et al. (2008) . It might be argued that the 206 Pb/ 238 U ages of 91.37 ± 0.15 Ma from the P. macombi biozone (ash sample UT-08-03) and 94.37 ± 0.14 Ma from the Watinoceras devonense biozone are equally consistent with either the Kuiper et al. (2008) or Renne et al. (2011) U ages, whereas a fi fth sample only marginally matches the zircon age, thus suggesting: (1) sanidine closed to loss of Ar before zircon closed to loss of Pb, (2) Ar has a higher closure temperature in sanidine than does Pb in zircon, (3) most sanidine contains an inherited or excess 40 Ar component, and/or (4) all zircon is affected by Pb loss of broadly equal magnitude. We suggest that it is unlikely for Pb loss to produce coherent high-precision U-Pb populations such that results would show a plateau of dates in each of the bentonites, and that some of the dispersion within the U-Pb zircon data sets refl ects age variation within single zircons, older dates refl ecting a greater proportion of older cores (see Appendix DR3.1 for further discussion). Moreover, given our current knowledge of closure temperature and diffusion of argon in sanidine (e.g., Hora et al., 2010) , we fi nd it improbable that there is a ubiquitous and systematic inherited or excess 40 Ar* component in the 40 Ar/ 39 Ar data sets obtained in this study. Thus, of the three different exercises that have attempted to calibrate the 40 Ar/ 39 Ar system using either astrochronology or U-Pb data as an independent variable, those of Kuiper et al. (2008) Ar calibration, however this data set is limited (one ash bed) and the relatively low single-date precision (0.4%-2%) makes it diffi cult to discern internal complexity, or lack thereof, within the zircon U-Pb data and thus its utility in distinguishing between the Kuiper et al. (2008) and Renne et al. (2010 Renne et al. ( , 2011 calibrations. Thus, the remainder of our discussion is based on the Kuiper et al. 
Correlation Results
The stratigraphic position of dated ash layers, mainly sampled in Montana, is constrained by biostratigraphy (those ashes not sampled in the type sections reproduced in Fig. 2 are correlated to them based on associated index taxa). Although correlation of biozones from Montana to the Libsack core record, via the Pueblo outcrop section (Fig. 2) , may add slight uncertainty due to lithostratigraphic variations, a larger uncertainty is associated with projecting the exact position of ashes into the 405 k.y. bandpass. These uncertainties are addressed as follows:
Scaphites preventricosus-Upper and lower boundaries of the biozone are very well constrained by index taxa in Montana and Pueblo (Appendix DR2) and the sampled ash is well constrained at the midpoint of the biozone in Montana (Fig. 2) . Placing the correlation at the midpoint of the biozone in Pueblo locates it just above of the top of the Fort Hays Limestone. An ash bed occurring in the same position within the Libsack core is chosen as the optimal correlation point to the ATS. Although this is one of the best constrained ash correlations, an uncertainty of ±200 k.y. is applied to encompass adjacent ash beds in the Libsack core that could correlate to the ash bed sampled in Montana on September 7, 2014 gsabulletin.gsapubs.org Downloaded from (Table 2 ). In addition, hiatuses identifi ed by missing inoceramid biozones occur within the lower part of the zone and at its upper boundary in the Pueblo section (and are inferred to occur in the Libsack core as well; Fig. 2) .
Scaphites depressus-Upper and lower boundaries of the biozone are very well constrained by fossil data in Montana and Pueblo (Appendix DR2). The sampled ash, bed 110 in the section of Cobban et al. (1976) , is also well constrained in the uppermost part of the S. depressus zone in Montana and it is correlated to the lower bed of a bentonite doublet in the basal part of the middle shale unit of Pueblo and Libsack (Fig. 2 ). An uncertainty of ±100 k.y., which ranges from the top of the underlying lower limestone to a position in the middle shale above the upper bentonite, is assigned to the correlation (Table 2) .
Clioscaphites vermiformis-Boundaries of this biozone can be placed approximately in the Cobban et al. (1976) section (Fig. 2) , but the location of the sampled ash within the zone is unconstrained due to the sample location (see Table DR1 .1 and Figure DR1 .2). Fossil data provide a better constraint in Pueblo, showing that the zone is limited to the upper part of the middle shale (Fig. 2) , and projection of the zone to Libsack is based on limestone and bentonite correlations. This zone has the shortest duration of the fi ve correlated biozones and an uncertainty value encompassing its entirety is ±70 k.y. (Table 2) .
Desmoscaphites erdmanni-The upper and lower boundaries of this biozone are reasonably constrained by fossil data in Montana, but only the lower boundary is well constrained in Pueblo (Appendix DR2). As such, placement of the D. erdmanni-D. bassleri boundary in the Pueblo to Libsack part of the correlation is relatively uncertain. This boundary happens to coincide with the position of the D. erdmanni ash bed sampled in Montana. An uncertainty of ±200 k.y. would constrain it below the projected position of the D. bassleri ash, and is proposed as the best choice for this ash.
Desmoscaphites bassleri-The upper and lower boundaries of the biozone are reasonably well constrained by fossil data in Montana, but only the upper boundary is constrained in Pueblo where the LAD of P. platinus likely corresponds with the Santonian-Campanian boundary (Appendix DR2). The exact position of the sampled D. bassleri ash could not be determined in Montana so an uncertainty term that accommodates the entire zone (±200 k.y.) is applied.
DISCUSSION
The continued refi nement of geological time scales, which requires integration of radioisotopic age data with well-defi ned stratigraphic units and their boundaries (i.e., biozones, stages, etc.), faces several discrete challenges. In addition to the contributions associated with radioisotopic measurements (including analytical, tracer or standard, and decay constant uncertainties) and the uncertainties due to interpolation techniques such as spline fi tting (because radioisotopic data rarely coincide exactly with chronostratigraphic boundaries), there may be additional uncertainties stemming from the geological context of a time scale study (i.e., correlation commonly includes significant, but unquantifi ed, assumptions). In order to determine the most accurate ages possible for the three stage boundaries considered in this research, we have determined new 40 Ar/ 39 Ar and 206 Pb/ 238 U ages that are more accurate and precise than past efforts, employed an astronomical age model for more accurate interpolation of ages, and explicitly quantifi ed sources of uncertainty for each method and summed the values in a statistically valid manner. These results are presented in Table 3 and Figures 6 and 7 .
Beyond the uncertainties associated with radioisotopic methods and geological correlation, discussed above, there are two additional sources of uncertainty that must be factored when using an ATS to interpolate stage boundary ages (or any other stratigraphic horizon in a study interval). The fi rst concerns the accuracy of the 405 k.y. bandpass as a chronometer. Although the bandpass (Gaussian; 0.5-1.0 cycle m -1 ) provides a superior interpolation tool because it maps time directly to stratigraphy and captures variations in sedimentation rate, multiple bandpass operations on a time series using a range of plausible parameters can yield a slightly variable distribution of peaks and troughs. In addition, climate and depositional system noise (Meyers et al., 2008; Meyers, 2012) can potentially distort the preserved eccentricity signal, and simulations that add random noise to a 405 k.y. record also show slight shifts in the position of peaks and troughs, generally not exceeding one-quarter of a long eccentricity cycle. To accommodate these potential uncertainties we include a value of ±100 k.y. for all age interpolations based on the 405 k.y. bandpass (Table 3) .
The second source of uncertainty is the presence and relative magnitude of stratigraphic All stage boundary estimates rely on the 405 k.y. bandpass cycle counts determined from the Libsack core. The preferred stage boundary age estimates based on the proximal ash method, shown in bold, employ the age determination with lowest uncertainty that is available for each boundary. Imported bentonite stratigraphy relies on the ammonite zonation of the Western Interior (Scott and Cobban, 1964; Cobban et al., 1976; Cobban, 1993; Leckie et al., 1997; Walaszczyk and Cobban, 2007) . Preferred stage boundary ages in bold (see Fig. 7 (Kuiper et al., 2008) . † U-Pb weighted mean age of ash bed with full uncertainty (analytical, ET535 tracer solution, decay constants of Jaffey et al. [1971] ). § Total uncertainty on stage boundary estimates include: full radioisotopic uncertainty (varies by sample), a 100 k.y. astronomical time scale uncertainty, and bentonite correlation uncertainty (varies by sample).
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Geological Society of America Bulletin, July/August 2014 969 hiatuses , which may signifi cantly impact the integration of radioisotopic and astrochronologic time scales. Astrochronologies in strata older than ca. 50 Ma are "fl oating" because they cannot be correlated to the Laskar et al. (2004 Laskar et al. ( , 2011 solutions. They can be "anchored," however, by reliable radioisotope dating and thereafter allow high-resolution age interpolation-in the absence of signifi cant hiatuses (i.e., those with duration exceeding the age envelope due to other sources of uncertainty; in such cases, estimates of duration for a stratigraphic interval based on astrochronology will be signifi cantly less than that determined by two radioisotope ages).
In general, spectral analysis of stratigraphic time series can allow tests of the hypothesis that orbital signals are expressed in the alternation of lithologic or other characteristics, and if so, provide the basis for developing a time scale that is independent of radioisotope data. But such analyses may not detect the presence of hiatuses. For example, if 4 m of a 20-m-thick interval preserves an excellent orbital record, but the remainder contains hiatuses, a corresponding simple power spectrum will indicate the presence of orbital frequencies and a bandpass of long eccentricity may show no evidence of hiatus. Evolutive techniques are more sensitive to the consistency of orbital signals through a section and can even provide a means to detect and quantify hiatuses, but if the duration of a gap is close to a whole integer multiple of the cycle being tracked, the hiatus may not be detected by spectral techniques (e.g., Meyers and Sageman, 2004) .
Based on biostratigraphic data (described above and in Appendix DR2) there are several hiatuses within the Niobrara study interval that are not apparent in the 405 k.y. bandpass. Although a more detailed spectral analysis study focused on higher-frequency cycles might identify these stratigraphic gaps, this is beyond the scope of the present work (although the Niobrara hiatuses will be addressed presently). U ages of ash horizons projected into the Libsack 405 k.y. bandpass, with their 2σ uncertainties, as well as the interpolated age of the stage boundaries using each projected ash horizon. In addition to the radioisotopic uncertainties, the interpolated stage boundary ages also include uncertainties associated with the 405 k.y. bandpass (±100 k.y.), and those due to correlation. With the exception of the correlation term, uncertainties are assumed to have a Gaussian distribution and are summed in quadrature; the correlation uncertainty is added to this sum to yield the total uncertainty of each stage boundary estimate. The most confi dent age determination for each stage boundary is based on interpolation from the dated ash horizon that is closest to the boundary; such estimates have the lowest degree of additive distortion. In addition, where both U-Pb and Ar/Ar data are available for the proximal ash, the age determination with lowest uncertainty is used as the basis for interpolation of the boundary age. These "proximal ash" ages are shown in bold in Table 3 and are the ages assigned to stage boundaries in Figure 6 : 89.75 ± 0.38 Ma for the Turonian-Coniacian, 86.49 ± 0.44 Ma for the Coniacian-Santonian, and 84.19 ± 0.38 Ma for the Santonian-Campanian boundaries.
The three sources of temporal information presented in this study produce nearly identical results, given the uncertainties inherent in each method, on the order of 0.2-0.4 m.y. This provides remarkably strong support for the reliability of each method. In the case of the three paired 40 Ar/ 39 Ar and 206 Pb/ 238 U ages within the Niobrara interval, not only are the values identical within uncertainty, they differ by less than 50 k.y. (Tables 1 and 3 ) although we do acknowledge that using the data pairs to inform the choice of 40 Ar/ 39 Ar calibration introduces an element of co-variance. A fl oating astrochronology for the Libsack core was produced from the original resistivity data used by Locklair and Sageman (2008) and our result matches their 405 k.y. bandpass (typically with <100 k.y. offset of peaks/troughs). In Table 3 we present the results of stage boundary age interpolations using each of the dated ash horizons and the long eccentricity bandpass. The results are displayed graphically in Figure 7 (the favored proximal ash value is circled and represented by a thick dotted line; the total uncertainty for each interpolation is shown by a vertical line Obradovich (1993) .
Niobrara Hiatuses
Hiatuses identified using biostratigraphic information occur in the Fort Hayes Limestone Member just above the Turonian-Coniacian boundary and at the top of the lower shale and limestone unit (Walaszczyk and Cobban, 2000 , 2007 . Also of note, there is a major late Turonian hiatus composed of multiple unconformities in the underlying Carlile Formation (Fisher et al., 1985; Merewether and Cobban, 1986) . Comparison of the independent radioisotopic and astrochronologic data allows quantitative evaluation of these proposed discontinuities.
In an effort to constrain the duration of hiatus in the lower shale and limestone unit, we compare the new radioisotopic ages from S. preventricosus and S. depressus (which bracket the discontinuity) with the astronomically determined duration for the same interval; the two estimates are 2.84 ± 0.13 Ma (2σ radioisotopic analytical uncertainty) and 2.92 ± 0.44 Ma (2σ astronomical and correlation uncertainty), respectively. Although the average value for astronomical duration is greater than the average for radioisotopic duration, suggesting no hiatus, the maximum difference allowed by uncertainty is up to 0.5 m.y. To evaluate the duration of the hiatus in the Fort Hayes Limestone Member we compare the radioisotopic ages from S. nigricollensis (a biozone sampled in Montana that is stratigraphically younger than the multiple discontinuities of the Carlile Formation and which we project to the base of the Fort Hays ATS) and S. preventricosus. The radioisotopically determined duration is 0.51 ± 0.1 m.y. (2σ radioisotopic analytical uncertainty only, as the correlation uncertainty of S. nigricollensis is poorly constrained) and the ATS duration is 0.69 ± 0.34 m.y. (2σ astronomical and correlation uncertainty). Again, a larger value for the average astronomical duration suggests the hiatus is within the estimated uncertainty; the maximum allowed by uncertainty would be 0.26 m.y. In the event that the ATS duration for this interval was less than the radioisotopic duration and a larger hiatus was indicated, it would have been appropriate to add the missing time to the interpolated offset from the S. preventricosus age to obtain a more accurate value for the TuronianConiacian stage boundary.
Finally, the radioisotopic duration between ash beds of the late Turonian P. macombi and S. nigricollensis biozones of Montana is 1.37 ± 0.13 Ma (2σ analytical uncertainty, based on 40 Ar/ 39 Ar data), suggesting that a substantial amount of missing time is associated with this zone of multiple hiatuses in Colorado (as suggested by previous authors: Fisher et al., 1985; Merewether and Cobban, 1986) . Filling in this temporal gap represents one of the most important targets for the completion of an astronomically tuned Cenomanian through early Campanian time scale that may unite the astrochronology of this study with that presented in Meyers et al. (2012) . Ar data sets from seven ash beds, including three from the Cenomanian and Turonian , supports the astronomical age of 28.201 ± 0.046 Ma for the Fish Canyon sanidine standard (Kuiper et al., 2008) . Five ages from radioisotopically dated ash beds in Montana were projected at the sub-biozonal scale into the astrochronology of the Libsack 43-27 core, Denver Basin, allowing improved interpolation of stage boundary ages. The most proximal ash to each stage boundary (two of which included both 40 Ar/ 39 Ar and 206 Pb/ 238 U ages) was used to estimate stage boundary ages with highest confi dence; they are 89.75 ± 0.38 Ma for the Turonian-Coniacian, 86.49 ± 0.44 Ma for the Coniacian-Santonian, and 84.19 ± 0.38 Ma for the Santonian-Campanian boundaries. The latter estimate for the Santonian-Campanian stage boundary also precisely marks the termination of the Cretaceous long normal chron 34n and is 580 k.y. older than the age recently proposed by Ogg and Hinnov (2012) , which is based, in part, on an early presentation of the data we have reported here.
Our results: (1) improve the precision of stage boundary ages by an order of magnitude (total uncertainty) compared to earlier estimates (e.g., GTS04 by Ogg et al., 2004 ; the GTS12 ages in Ogg and Hinnov [2012] were based on an early version of this manuscript), (2) provide both 40 Ar/ 39 Ar and 206 Pb/ 238 U radioisotopic tiepoints that are biostratigraphically constrained, thereby helping to anchor astrochronologic age models currently under investigation, (3) revise the age of the termination of the Cretaceous normal super chron to ca. 84.2 Ma, and (4) present new approaches for the determination and calculation of astrochronologic and geologic uncertainties in the development of integrated time scales.
